[1] Following the examination and evaluation of 12 nucleation parameterizations presented in part 1, 11 of them representing binary, ternary, kinetic, and cluster-activated nucleation theories are evaluated in the U.S. Environmental Protection Agency Community Multiscale Air Quality (CMAQ) modeling system version 4.4. The 12-28 June 1999 Southern Oxidants Study episode is selected as a testbed to evaluate simulated particulate matter (PM) number and size predictions of CMAQ with different nucleation parameterizations. The evaluation shows that simulated domain-wide maximum PM 2.5 number concentrations with different nucleation parameterizations can vary by 3 orders of magnitude. All parameterizations overpredict (by a factor of 1.4 to 1.7) the total number concentrations of accumulation-mode PM and significantly underpredict (by factors of 1.3 to 65.7) those of Aitken-mode PM, resulting in a net underprediction (by factors of 1.3 to 13.7) of the total number concentrations of PM 2.5 under a polluted urban environment at a downtown station in Atlanta. The predicted number concentrations for Aitken-mode PM at this site can vary by up to 3 orders of magnitude, and those for accumulation-mode PM can vary by up to a factor of 3.2, with the best predictions by the power law of Sihto et al. (2006) Harrington and Kreidenweis (1998) give better agreement than the remaining parameterizations. All the parameterizations fail to reproduce the observed temporal variations of PM number, volume, and surface area concentrations. The significant variation in the performance of these parameterizations is caused by their different theoretical bases, formulations, and dependence on temperature, relative humidity, and the ambient levels of H 2 SO 4 and NH 3 . The controlling processes are different for PM number, mass, and surface areas. At urban/rural locations, some PM processes (e.g., homogeneous nucleation) and/or vertical transport may dominate the production of PM 2.5 number, and emissions, or PM processes, or vertical transport or their combinations may dominate the production of PM 2.5 mass and surface area. Dry deposition or some PM processes such as coagulation may dominate PM 2.5 number loss, and horizontal and vertical transport, and cloud processes (e.g., cloud scavenging and wet deposition) may dominate the loss of PM 2.5 mass and surface area concentrations. Sensitivity simulations show that the PM number and size distribution predictions are most sensitive to prescribed emission fractions of Aitken and accumulation-mode PM and the assumed initial PM size distribution, in addition to different nucleation parameterizations. 
Introduction
[2] Three-dimensional (3-D) modeling of particulate matter (PM) properties (e.g., mass, number, and size distribution) is a formidable task because of the complexity of its physical and chemical processes and the demand for large computational resources. While most 3-D air quality models can reproduce the mass concentrations of PM with an aerodynamic diameter less than or equal to 2.5 mm and 10 mm (i.e., PM 2.5 and PM 10 ) within ∼50% of the measurements, accurately simulating particle number concentrations and size distributions remains challenging [Zhang et al., 2006; Zhang, 2008] . Numerous global and regional modeling studies focused on particle mass concentrations. Fewer studies simulated particle number concentrations and size distributions on both global [e.g., Spracklen et al., 2005 Spracklen et al., , 2006 Spracklen et al., , 2007 Spracklen et al., , 2008 Korhonen et al., 2008; Yu and Luo, 2009] and regional scales [e.g., Zhang et al., 2006 Zhang et al., , 2010a Covert, 2009a, 2009b] . Most aerosol models perform poorly for the particle number concentrations and size distributions for several reasons. For example, the horizontal grid resolution used in most regional models (≥12 km) is too coarse to reproduce point-wise measurements including particle mass and number concentrations. The number of particle size sections or modes used in most models is often too coarse to resolve the particle number concentrations [e.g., Zhang et al., 2004 Zhang et al., , 2006 despite exceptions for some models [e.g., Jacobson, 1999; Yu and Luo, 2009] . Assumptions in model inputs and treatments (e.g., assumed primary emission fractions and associated size distributions) and imperfect model treatments used in some models (e.g., the use of a fixed standard deviation for particle size distribution in simulating particle dynamic processes such as coagulation and condensation) usually lead to errors in simulated particle number concentrations and size distributions [Zhang et al., 1999 [Zhang et al., , 2006 [Zhang et al., , 2010a . Further, one of the large uncertainties in simulating PM number concentrations and size distributions lies in the model treatment of new particle formation processes due to various homogeneous nucleation mechanisms. Use of different nucleation parameterizations in 3-D models introduces significant uncertainties in the predicted PM 2.5 number production rates and number concentrations [Zhang et al., 1999 [Zhang et al., , 2009a Roth et al., 2003; Zhang and Jacobson, 2005; Lucas and Akimoto, 2006; Covert, 2009a, 2009b; Yu et al., 2010] , which in turn affect visibility, aerosol optical properties, cloud condensation nuclei (CCN), and cloud droplet number concentrations (CDNC) [Malm, 1979; McMurry et al., 2005; Seinfeld and Pandis, 2006; Spracklen et al., 2008; Yu and Luo, 2009; Pierce and Adams, 2009; Kuang et al., 2009; Merikanto et al., 2009a; Zhang et al., 2009a] .
[3] Particles are simulated in the U.S. Environmental Protection Agency (EPA) Community Multiscale Air Quality (CMAQ) modeling system with three lognormally distributed modes: Aitken, accumulation, and coarse modes (correspond to particles with diameters up to approximately 0.1 mm, between 0.1 and 2.5 mm, and between 2.5 and 10 mm, respectively, for mass distribution) [Binkowski and Roselle, 2003; Byun and Schere, 2006] . CMAQ simulates major aerosol processes including thermodynamic equilibrium for both inorganic and organic PM, gas-to-particle conversion processes such as binary homogeneous nucleation of sulfuric acid and water vapor, and condensation of gases on preexisting particles and dissolution of gases into cloud droplets, additional PM growth via coagulation, PM production via aqueous-phase chemistry, aerosol scavenged by cloud droplets, and dry and wet deposition. A number of changes have been made in the aerosol dynamic and thermodynamic treatments in CMAQ in the past few years as newer versions are released for public use. While those changes are targeted primarily at improving predictions of aerosol mass concentrations, the model's capability in simulating number concentration and size distribution remains unchanged due mainly to the use of the same homogeneous nucleation parameterization in version 4.4 and newer (although an improved treatment for PM mass concentrations may also help improve the accuracy of PM size distribution). The binary nucleation parameterization of Kulmala et al. [1998] is used as a default module in CMAQ version 4.4 and newer to simulate new particle formation. The parameterization of Harrington and Kreidenweis [1998] was used as a default module in the older versions of CMAQ [Binkowski and Roselle, 2003] . The parameterization of Kulmala et al. [1998] was derived based on the classic binary nucleation theory. It predicts binary nucleation rates up to 2-3 orders of magnitude lower than those predicted by its updated version [i.e., Vehkamäki et al., 2002] due to the fact that its derivation contains mistakes in the kinetic treatment for hydrate formation as pointed out by Vehkamäki et al. [2002] and Noppel et al. [2002] . Park et al. [2006] reported that the CMAQpredicted PM 2.5 number concentrations with the parameterization of Kulmala et al. [1998] were lower by a factor of 1000 than observations in the southeastern United States. Elleman and Covert [2009a] compared the CMAQ-predicted number concentrations for Aitken-mode PM with observations obtained for the Pacific Northwest United States and found that CMAQ with the parameterization of Kulmala et al. [1998] underpredicted the PM number concentrations by a factor of 10-100.
[4] Following the examination and evaluation of twelve nucleation parameterizations presented by Zhang et al. [2010b] , nine nucleation parameterizations have been implemented into CMAQ version 4.4 in this work to future study the sensitivity of simulated particle number concentrations from 3-D CMAQ. These include four binary homogeneous nucleation (BHN) parameterizations (i.e., Pandis et al. [1994] , Fitzgerald et al. [1998] , Vehkamäki et al. [2002] , and Yu [2008] , referred to as PA94, FI98, VE02, YU08, respectively), three ternary homogeneous nucleation (THN) parameterizations (i.e., Napari et al. [2002] , Merikanto et al. [2007] with corrections by Merikanto et al. [2009b] , and Yu [2006] , referred to as NA02, ME07, and YU06, respectively), and two power laws representing empirical kinetic or cluster-activated nucleation (i.e., Sihto et al. [2006] and Kuang et al. [2008] , referred to as SI06 and KU08, respectively). The nine parameterizations are evaluated along with two existing BHN parameterizations in CMAQ (i.e., Kulmala et al. [1998] and Harrington and Kreidenweis [1998] , referred to as KU98 and HK98, respectively) through their applications to the summer 1999 Southern Oxidants Study (SOS99) episode. The parameterization of Wexler et al. [1994] is examined by Zhang et al. [2010b] (part 1 of this paper) but excluded from the 3-D CMAQ application here, because it exceeds the upper limits of nucleation rates under most atmospheric conditions [Zhang et al., 2010b] . While KU98 and NA02 are also not recommended for 3-D model applications in the Zhang et al. [2010b] paper, their work has been used in several recent 3-D model applications. In particular, NA02 gives a seemingly good agreement [e.g., Gaydos et al., 2005; Jung et al., 2008 Jung et al., , 2010 Elleman and Covert, 2009b] and may be continuously used in the community. On the other hand, as indicated by Anttila et al. [2005] and Merikanto et al. [2007] , the derivation of this parameterization neglected the ammonium bisulfate formation which governs the ternary nucleation process according to the classical theory and such an omission leads to unrealistically high nucleation rates. NA02 is therefore included in this study to evaluate whether it also gives a good agreement with PM number and size distributions observations in the southeastern United States. If this is true, then these results will help illustrate that the selection of an appropriate nucleation parameterization cannot simply be based on whether it gives a good agreement with observations and that more rigorous investigations and assessments on its fundamental theory and scientific soundness are needed. The predicted particle number concentrations and size distributions with those nucleation parameterizations are analyzed and evaluated against available measurements in Atlanta where the nucleation involving H 2 SO 4 was observed [e.g., McMurry et al., 2000] . The controlling atmospheric processes in shaping particle size distributions (e.g., mass, number, and surface area) are studied with a process analysis (PA) tool imbedded in CMAQ and additional sensitivity simulations. While such PA has been conducted in several studies [e.g., Zhang et al., , 2007 Zhang et al., , 2009b Yu et al., 2008; Wang et al., 2009; X.-H. Liu et al., 2010a] , most focus on the mixing ratios of gases and mass concentrations of PM. To our best knowledge, none of the published PA studies focused on PM number concentrations and surface areas.
Model Testbed and Experiment Design
[5] The 3-D modeling domain covers the contiguous United States and a small portion of southern Canada and northern Mexico, with a horizontal resolution of 32 km. The vertical resolution is 21 layers from the surface to ∼160 mbar. The simulation period is 12-28 June 1999. The meteorological fields were generated by the U.S. EPA Atmospheric Modeling and Analysis Division using the Pennsylvania State University (PSU)/National Center for Atmospheric Research (NCAR) Mesoscale Modeling System Generation 5 Version 3.4 (MM5) with four-dimensional data assimilation (FDDA). The EPA's National Emissions Inventories (NEI) 99 version 3 is used to generate a gridded emission inventory for all gas and primary PM species for the contiguous United States using the Sparse Matrix Operator Kernel Emissions system (SMOKE1.4). The initial conditions (ICONs) and boundary conditions (BCONs) are set to be those of clear tropospheric air conditions as described by Yu et al. [2004] . A spin-up period of two days (12-13 June) is used to minimize the influence of ICONs. All simulations use the Statewide Air Pollution Research Center Mechanism (SAPRC99) [Carter, 2000] and the AERO3 aerosol module. The meteorological and chemical predictions from the baseline simulation with KU98 were evaluated using available surface, aircraft, and satellite data by . Both MM5 and CMAQ perform reasonably well for major meteorological variables (i.e., temperature, relative humidity, wind direction, planetary boundary layer height, and precipitation), surface concentrations of chemical species (i.e., O 3 , PM 2.5 , sulfate, and ammonium), and vertical profiles of temperature and sulfur dioxide, although small to moderate biases are found for most variables evaluated. This paper focuses on the analysis and evaluation of the simulation results for PM number, volume, surface areas from the CMAQ simulations with the 11 nucleation parameterizations and 5 additional sensitivity simulations for a 15 day period of 14-28 June 1999.
[6] Only a small fraction of nucleated particles (i.e., <∼1.5 nm) will survive the competition between the rates of growth and removal processes and grow to the CCN size (∼100 nm). The growth mechanisms of nucleated particles to the minimal detectable particle size (∼2-4 nm) and to the CCN size remain unknown and may involve many processes such as condensation of nucleating vapor, activation of soluble vapor, heterogeneous nucleation, charged-enhanced condensation, coagulation, multiphase chemical reactions [Kulmala et al., 2004a] , and many species such as H 2 SO 4 , H 2 O, NH 3 , aromatic acids, and aminium salt [Eisele and McMurry, 1997; Kulmala et al., 2000; Zhang et al., 2004; Smith et al., 2008 Smith et al., , 2010 . The growth rate of the nucleated particles to particles at 2-4 nm is estimated to be about 2 nm h −1 [Eisele and McMurry, 1997] , and that of the particles at 2-4 nm to the CCN size is about 1-22 nm h −1 [Kulmala et al., 2004b; Kuang et al., 2009] . Such a growth needs to be taken into account when the nucleation parameterizations are used to predict new particle formation rates and their growth into the CCN size in 3-D models. In addition to the uncertainties in the nucleation parameterizations used and aerosol thermodynamic and dynamic processes treated, an additional uncertainty in simulating particle number concentrations lies in whether and how the model treats the growth of particles at different stages before they grow to the simulated smallest size range (i.e., Aitken mode for CMAQ, which is typically considered to contain particles with diameters of 10-100 nm). Recent progress has been made to simulate such a growth using either an empirical growth rate based on measurements [e.g., Kerminen and Kulmala, 2002] ; or a particle growth module/ parameterization [e.g., Pierce and Adams, 2007; Elleman and Covert, 2009b; Kuang et al., 2009] , or explicitly simulating the microphysics of particles from 1 nm to >10 mm using a 3-D chemical transport model with a size-resolved aerosol microphysical module [e.g., Spracklen et al., 2008; Yu and Luo, 2009] . CMAQ, however, does not simulate the loss of nucleated particles by collision and the subsequent growth of "survived" particles from 1 nm to Aitken mode, which will introduce inaccuracies and/or uncertainties in the simulated new particle formation rate and the number concentrations and size distribution of PM 2.5 . By assuming a minimal detectable particle diameter of 2 nm, the new particle formation rates calculated by a nucleation parameterization in CMAQ actually represent their upper limits, because the true new particle formation rates should be always smaller than the nucleation rates. As shown by Zhang et al. [2010b] , the nucleation rates calculated by some parameterizations may exceed an upper limit prediction of collision-controlled nucleation in terms of dimer production rate and formation rate of particles with 2 nm diameter [McMurry, 1980 [McMurry, , 1983 . If the mass production rate calculated from the number production rate in CMAQ exceeds the H 2 SO 4 vapor production rate, it is then capped by the H 2 SO 4 vapor production rate and the number production rate is reset to that based on the H 2 SO 4 vapor production rate, assuming that the particles are 2 nm in diameter. This cap is equivalent to the maximum new particle formation rate, Max J, for particles with 2 nm diameter (i.e., J 2nm ) defined by Zhang et al. [2010b] . The production rate of the newly formed particles at 2 nm is then used to solve the rate of change in the number concentrations of Aitken mode following the approach of Binkowski and Roselle [2003] . The new particle number and mass concentrations in Aitken mode calculated using this method represent an upper limit estimation because CMAQ neglects the loss of some particles as they grow from 2 nm to 10-100 nm.
[7] Two sets of model experiments are conducted. The first set consists of a baseline simulation with the default nucleation parameterization of Kulmala et al. [1998] Kuang et al. [2008] ). The objectives of this set of experiments are to assess the uncertainties with nucleation parameterizations and their relative accuracies in terms of reproducing particle number and size distributions under an urban environment and to make recommendations regarding the appropriateness of their applications under polluted environments. The particle number concentrations and size distributions predicted with different nucleation parameterizations are compared with available observations in the southeastern United States. Several special field studies were carried out in Atlanta, Georgia, to study atmospheric particle formation, evolution, and health effects. These include the Aerosol Research Inhalation Epidemiological Study (ARIES) [Van Loy et al., 2000; Woo et al., 2001 ] during 1998-2000 and the Aerosol Nucleation and Real Time Characterization Experiment (ANARChE) study of nucleation in August 2002 [McMurry et al., 2005] . These measurements were carried out at the Jefferson Street (JST) site, located about 4 km northwest of downtown Atlanta [Woo, 2003] . Size distributions in the 3 nm to 2 mm range were measured and subsequently segregated into three size ranges (i.e., geometric mean diameter < 10 nm, 10-100 nm, and 0.1-2 mm). High concentrations (up to 2.7 × 10 5 number cm −3 ) of freshly nucleated 3-10 nm particles have been frequently observed in summer in Atlanta, Georgia [McMurry et al., 2000; Woo et al., 2001] . The enhancement of ultrafine particle concentrations often occurred near noontime and was associated with high solar radiation. It was suggested that these nanoparticles were formed through a photochemically driven collisioncontrolled nucleation process involving H 2 SO 4 [McMurry et al., 2000] . While the derived nucleation rates based on observed particle size distributions and H 2 SO 4 vapor concentrations from ANARChE are used in the Part I paper to evaluate simulated nucleation rates from various parameterizations without considering other atmospheric processes, the observed number, surface, and volume concentrations of PM with diameter less than 2 mm (PM 2 ) from ARIES during the period of 14-28 June 1999 at JST, Atlanta, Georgia, are used to evaluate CMAQ predictions in this paper (note that no derived nucleation rates are available from the ARIES particle size observations). The comparison is conducted between simulated Aitken-mode PM without cutoff in size and observed PM 0.1 with an upper cutoff diameter of 0.1 mm, between simulated accumulation-mode PM without cutoff in size and observed PM 0.1-2 with a diameter range of 0.1-2 mm, and between a number of size-resolved bins in the diameter size range with lower and upper cutoff geometric mean diameters of 0.00306 mm and 2 mm, respectively for simulated and observed PM 2 ,. The first two comparisons represent an approximation because the tails of the lognormal size distributions for Aitken-and accumulation-mode PM extend beyond the cutoff diameters bounded for observed PM 0.1 and PM 0.1-2 , whereas the last comparison provides the most rigorous size-resolved evaluation.
[8] The second set consists of a simulation with process analysis and five simulations to study the sensitivity of model PM number predictions to several model parameters or processes of interest. The objectives of this set of experiments are to identify the most important processes in controlling particle properties and to estimate uncertainties associated with assumed model parameters/processes that will affect PM number and size predictions for potential model improvements. Important atmospheric processes in determining particle mass, number, and surface area are first identified with the Integrated Process Rate (IPR) of the PA tool for locations representative of remote, rural, and urban conditions. Sensitivity simulations are then conducted to further investigate the model treatments for several atmospheric processes such as emissions and dry deposition and related parameters such as initial PM size distribution, the fractions of Aitken mode PM in total PM emissions, and dry deposition velocity. for ME07, 10 2 − 5.0 × 10 3 cm −3 for YU06, 10 4 − 1.8 × 10 5 cm −3 for SI06, and 10 3 − 2.3 × 10 5 cm −3 for KU08. The large differences among the predicted PM number concentrations are due to differences in theoretical bases, mathematical equations, processes and assumptions considered in various parameterizations to calculate nucleation rates, as described by Zhang et al. [2010b] . Those over oceanic areas simulated by various parameterizations are typically in the range of 10 2 −10 3 cm −3
Comparisons of Model Predictions
. According to the magnitude of the predicted PM number concentrations, the 11 parameterizations can be grouped into four distinct subgroups with [10] Figure 2 shows the predicted number concentrations of Aitken-mode particles at JST, Atlanta, Georgia, and Great Smoky Mountains (GRSM), Tennessee. The number concentrations of observed PM 0.1 at JST are plotted for an approximate comparison (no observational data are available at GRSM). Note that a logarithmic scale is used to best show the simulated particle number concentrations that vary by several orders of magnitude (10 2 to 10 6 cm −3 ). Such a log scale somewhat smoothes out the temporal variations of observed particle number concentrations that vary from >10 2 to <10 5 cm −3 throughout the simulation period but only change within 1 order of magnitude during nucleation events (e.g., from 2.5 × 10 4 to 1.0 × 10 5 cm −3 on 24 June 1999). At JST, the predicted number concentrations for Aitken-mode PM range from 396 to 22661 cm −3 by PA94, 432 to 10765 cm −3 by FI98, 523 to 243850 cm −3 by HK98, 285 to 6010 cm −3 by KU98; 297 to 6545 cm −3 by VE02, 239 to 2610 cm −3 by YU08, 580 to 1674600 cm −3 by NA02, 231 to 1169 cm −3 by ME07, 269 to 3179 cm −3 by YU06, 2284 to 134090 cm −3 by SI06, and 656 to 130240 cm −3 by KU08. For comparison, the observed number concentrations for Aitken-mode PM at JST range from 2039 to 102309 cm −3 . Compared with the observed values, the predicted Aitkenmode PM number concentrations are consistently lower by up to a factor of 96 for PA94, 95 for FI98, 287 for KU98, 276 for VE02, 337 for ME07, 290 for YU06, and 320 for YU08; either higher by up to a factor of 30, 204, 41, and 29 or lower by up to a factor of 81, 97, 25, and 69 for HK98, NA02, SI06, and KU08, respectively. The PM number concentrations from all parameterizations except for NA02 are well below those by the simulation with J 2nm , whereas those from NA02 sometime reach or are close to the upper limits. Among all 11 parameterizations tested, the peak number concentrations predicted by the power law of SI06 give the closest agreement to the observed values at JST; the ternary parameterization of NA02, the binary parameterization of HK98, and the power law of KU08 also perform better than other parameterizations in terms of simulated number concentrations. NA02 gives a good agreement in this study and other studies, however, for a wrong reason since it has several fundamental problems/technical flawed treatment as indicated previously and also described in more detail by Zhang et al. [2010b] , which have been corrected by ME07. The Aitken-mode number concentrations given by ME07 are lower by factors of 1-4246 than those from NA02, which, however, does not reproduce the observed particle number concentrations for the urban environment, due likely to the fact that other nucleation mechanisms may dominate in Atlanta. None of the 11 parameterizations reproduce the temporal variations of the observed PM 0.1 number concentrations at JST. The simulated PM number concentrations from all parameterizations show a very strong diurnal variation. The peak values occur at noontime when the solar radiation is the strongest and the number concentrations of H 2 SO 4 are the maximum, and the values during daytime and nighttime vary by several orders of magnitude. By contrast, the observed values can peak at certain times of a day including both daytime and nighttime (e.g., 1100 LT on 16 and 23 June) and remained high for 2 or more days, the differences between daytime and nighttime values are typically within a factor of 2. The lack of diurnal variations in observed number concentrations indicate that some new particles produced during daytime may remain at night due likely relatively slow removal processes, which are not captured well by CMAQ.
[11] Five parameterizations (i.e., ME07, YU08, YU06, KU98, and VE02) give the lowest number concentrations that differ from the highest number concentrations predicted by SI06 by up to factors of 535 and 496 at GRSM and JST, respectively. The variations in the predicted number concentrations among all parameterizations tested are associated with several factors including the number concentration of H 2 SO 4 produced (N H2SO4 ) via the gas-phase oxidation of SO 2 by OH radicals for all nucleation parameterizations, temperature (T), and relative humidity (RH) for binary and ternary nucleation parameterizations (except for PA94, in which temperature dependence of nucleation rates are not accounted for, and HK98, in which T dependence and RH dependence of nucleation rates are rather weak), and the ambient concentrations of NH 3 (C NH3 ) for ternary nucleation parameterizations. With a correct kinetic treatment for hydrate formation, VE02 gives nucleation rates slightly higher than those by KU98 (by up to a factor of 2.4 at JST and 2.8 at GRSM) during most time periods. This increase is due mainly to a stronger N H2SO4 dependence in work by VE02 [see Zhang et al., 2010b, Figure 1 ]. In the parameterization of Vehkamäki et al. [2002] , the nucleation rate is given by an exponential of first-to third-order polynomial of Ln (N H2SO4 ), whereas that of Kulmala et al. [1998] is given by an exponential of first-order polynomial of Ln (N H2SO4 ). Yu [2008] treats the BHN of H 2 SO 4 and H 2 O as quasi-unary nucleation (QUN) process for H 2 SO 4 in equilibrium with H 2 O and derive an analytical expression based on a kinetic collision theory to calculate the H 2 SO 4 -H 2 O QUN rate as a function of N H2SO4 , T, and RH. Yu [2006] calculates the ternary nucleation rates for a system involving H 2 SO 4 , NH 3 , and H 2 O using a kinetic THN model with the NH 3 enhancement effect constrained by laboratory experimental results. Yu [2008] showed that the QUN rates are lower than those of VE02 that are based on the classical BHN theory; this trend is consistent with the results shown in Figures 1 and 2 . Yu [2006] reported a negligible contribution of THN rates to new particle formation in the boundary layer, which is also consistent with comparison between observations and simulated values from YU06 in Figure 2 . As shown in Figures 1 and 2, NA02 that is based on the classical THN theory gives much higher nucleation rates (up to 3 orders of magnitude at JST) than YU06 due to a much higher enhancement in the presence of ppt level of NH 3 , whereas the laboratory measurements show only 1 to 2 orders of magnitude enhancement in the presence of several ppt to several ppm level of NH 3 [Yu, 2006] . YU06 gives much lower THN rates than NA02 because it uses laboratory data to constrain the rates calculated from the classical THN theory. The predicted N H2SO4 and C NH3 are much higher at JST than at GRSM, resulting in much larger amplitudes of the predicted number concentrations among various parameterizations at JST than at GRSM. The PM number concentrations from all parameterizations are well below those by the simulation with J 2nm at GRSM. Although no observed PM number concentrations were available for the current model evaluation, some studies have shown that organics may play an important role in the observed nucleation events in the forested region such as GRSM [Kulmala et al., 1998; Kavouras et al., 1998; O'Halloran et al., 2009] due to the availability of high biogenic volatile organic compound (VOC) emissions and resultant concentrations [Day et al., 1997; Blando et al., 1998 ].
[12] Figure 3 shows the number concentrations of accumulation-mode particles predicted with 11 nucleation parameterizations at JST and GRSM. The number concentrations of observed PM 0. by SI06, and 269 to 7046 cm −3 by KU08. For comparison, the observed number concentrations for accumulation-mode PM at JST range from 254 to 7750 cm −3 . Similar to the Aitken-mode predictions, five parameterizations (i.e., KU98, VE02, YU06, YU08, and ME07) give the lowest number concentrations; four parameterizations (i.e., HK98, NA02, SI06, and KU08) give the highest predictions, with a difference by up to factors of 3.2 and 5.4 at GRSM and JST, respectively. The predictions from NA02 sometimes reach or are close to the upper limit of simulated accumulationmode PM number concentrations using J 2nm at both JST and GRSM; the rest of parameterizations are below those limits. The very low number concentrations (<100 cm −3 ) on 15, 25, and 27 June at GRSM are caused by extremely low H 2 SO 4 vapor concentrations during a few midnight to early morning hours (e.g., 0200-0400 LT on 15 June, 0100-0400 LT on 25 June, and 0000-0100 LT on 27 June), midafternoon hours (e.g., 1400-1700 LT on 24 June), or morning hours (e.g., 0700-1100 LT on 27 June), as a result of heavy precipitation. Such rain events influence the PM number concentrations simulated by all parameterizations because of their strong dependence on H 2 SO 4 vapor concentrations.
[13] Figures 4 and 5 show the observed and predicted volume concentrations and surface area, respectively, for both PM modes at JST. All parameterizations significantly underpredict the volume concentrations for Aitken mode on 14-16 June and 26-28 June but significantly overpredict those on 17-20 June. All parameterizations significantly underpredict the surface areas for Aitken mode during most days except 17-20 June and 25 June. The simulation with J 2nm gives much higher surface areas than all nucleation parameterizations for most daytime hours on 17-20, 21-24, and 25 June. During the period of 1300 LT 17 June to 2000 LT 20 June, the predicted H 2 SO 4 vapor concentrations are the highest (5.0 × 10 5 to 2.8 × 10 8 molecules cm −3 , with an average of 7.0 × 10 7 molecules cm −3 ), the predicted RH values are the lowest (33.2-77.5%, with an average of 54.5%), and the predicted temperatures are in the range of 288-300 K with an average of 294 K. Under these conditions, the new particle formation rates predicted from all parameterizations increase with increasing H 2 SO 4 vapor concentrations; increase with increasing RH except for NA02; and decrease with increasing T (except for PA94, SI06, and KU08, which do not depend on T). The H 2 SO 4 dependence dominates, resulting in a significant increase of Aitken-mode PM mass concentration, thus high volume concentrations and surface areas of Aitken-mode PM. The overpredictions in the volume concentrations and surface areas of Aitken-mode PM are therefore likely due to the participation of excessive amounts of H 2 SO 4 vapor concentrations in nucleation (rather than condensation) during this time period. The volume concentrations and surface areas for accumulation mode are significantly underpredicted on 14-19 June and 21-24 June. An evaluation of predicted 24 h average sulfate concentrations against the observations from SOS99 showed a significant overprediction (by a factor of 2-3) on 19-25 June and a slight underprediction (by 5-7%) on 14-17 June . The simulated cloud fraction and liquid water content were low during 19-25 June, indicating that the photochemical oxidation of SO 2 rather than aqueous-phase oxidation of SO 2 dominates the formation of H 2 SO 4 thus sulfate. The overprediction in sulfate during this time period thus indicates a sufficient amount of H 2 SO 4 for nucleation (neither observed temperatures and RHs nor hourly H 2 SO 4 or sulfate concentrations are available for model evaluation during this time period). The underpredictions in volume and surface area concentrations for accumulation-mode PM are indeed caused by underpredictions in other PM species such as organic and black carbon . In addition to uncertainties in predicted meteorology (e.g., higher simulated wind speeds and PBL height than observations as shown by ), several factors may contribute to such underpredictions. For example, these may include the uncertainties in the emissions of black carbon, primary organic carbon, and precursors of secondary organic aerosols, insufficient condensational growth of PM, uncertainty in the assumed initial size distribution, as well as the use of a 32 km horizontal grid resolution that is too coarse to resolve the local emission strengths and distributions needed to reproduce point-wise observations [Zhang et al., 2006; .
[14] For Aitken-mode PM predictions, the simulation with J 2nm predicts the highest number concentrations and surface areas but the lowest volume concentrations because it predicts the smallest number and volume mean diameters among all nucleation parameterizations tested. When sufficient H 2 SO 4 vapor is available for nucleation (e.g., 17-21 June), ME07 and YU06 give the highest and the second highest number mean diameters, and the highest and the 2nd highest volume mean diameters, resulting in the 5th highest and the 4th highest volume concentrations despite their relative low number concentrations and surface areas. KU98 and VE02 also give high number and volume mean diameters (the 3rd and 4th, respectively, resulting in the 1st and 3rd highest volume concentrations). YU08 gives the second highest volume concentrations. The overpredictions in vol-ume concentrations and surface areas by PA94 and FI98 are similar; they are larger than those from HK98, NA02, KU08, and SI06 over most time periods. For accumulation-mode PM, the differences are much smaller in the simulated surface areas and negligible in the simulated volume concentrations predicted by the 11 nucleation parameterizations. None of them reproduce well the temporal variations of volume concentrations and surface areas for both modes during most of time.
PM Size Distributions
[15] The observed PM 2 number size distributions in Atlanta exhibit three distinct modes, most peaks in the size ranges of 0.00306-0.00406 mm, 0.01863-0.03694 mm, and 0.0499-0.0786 mm (with an exception that the third mode peaks in the range of 0.147-0.242 mm on 18, 20, and 26 June). The observed volume distributions exhibit one to three distinct modes, having one mode on 15, 23, 24, and 27 June, and two modes on 14, 16-22, and 25-27 June and three modes on 27 and 28 June. The observed surface area distributions exhibit one to two distinct modes, having one mode on 17-21 and 25 June and two modes on 14-16, 22-24, 26 , and 28 June. Figure 6 shows the observed versus predicted 24 h average number, volume, and surface area size distributions on three representative days: 18, 20, and 23 June among the 15 day period. On all three days, KU98, VE02, ME07, YU06, and YU08 reproduce relatively well the number concentrations for the 3rd mode (i.e., the accumulation mode) but significantly underpredict those for the 1st and 2nd modes (i.e., the nucleation and Aitken modes). PA94 and FI98 also fail to reproduce the 1st mode, but they give slightly better predictions for the 2nd mode than the above five parameterizations. For comparison, HK98, SI06, and KU08 reproduce the number concentrations of the 1st mode to some degrees on all days despite overpredictions (e.g., 18 June) or underpredictions (e.g., 23 June) on some days; they also sometimes underpredict those for the 3rd mode (e.g., on 18 June). NA02 captures well the 2nd mode but also sometimes underpredicts the number concentrations of the 3rd mode (e.g., 18 June); they capture the 1st mode on most days but fail on 17, 23, and 25 June. While all simulations generally reproduce the observed Aitken and accumulation modes whose distributions appear lognormal, the observed size distribution of the nucleation mode is generally poorly characterized because the use of a lognormal distribution in CMAQ cannot well resolve the observed nonlognormal distribution of nanoparticles that are freshly nucleated (typically with a diameter < 5 nm) as reported by McMurry et al. [2000] and McMurry and Woo [2002] . In addition, the assumption that Aitken-mode particles are produced at the same rate as that of newly formed particles at 2 nm sometimes leads to artificial increases in the number concentrations in the Aitken mode (e.g., 18 and 20 June) and underpredicts those in the nucleation mode (e.g., 18, 20, and 23 June). Considering the loss of nucleated particles by collision and the subsequent growth of "survived" particles from 1 nm to Aitken mode can give more realistic size distributions, as shown by Elleman and Covert [2009b] . All parameterizations exhibit a similar underprediction for the volume concentrations and surface areas except on 20-21 and 26-27 June, with the largest mean diameter predicted by ME07 and YU06, and the smallest mean diameter predicted by SI06. These results are quite consistent with the predicted hourly number, volume, and surface areas shown previously.
Statistical Evaluation
[16] The hourly total number, volume, and surface areas during 14-28 June predicted for PM 2.5 (i.e., the sum of Aitken and accumulation mode PM) are compared with the observed values for PM 2 using various statistical metrics, as shown in Tables 1a-1c. The simulation with J 2nm significantly overpredicts (by a factor of 13.5) the total number concentrations. Seven parameterizations significantly underpredict them (by factors of 14.5, 14.1, 13.7, 13.2, 12.4, 9.2, 7.6, and 1.6 for ME07, YU06, YU08, KU98, VE02, FI98, and PA94, respectively). The remaining four parameterizations also underpredict the total number concentrations but to a much smaller extent (by factors of 2.5, 2.0, 1.6, and 1.5 for KU08, HK98, NA02, and SI06, respectively). While the number concentrations for accumulation-mode PM are overpredicted by factors of 1.4 to 2.2 for all parameterizations, those for Aitken-mode PM are significantly underpredicted by factors of 1.7 to 47 for all parameterizations except for those of NA02 and SI06, resulting in an overall underprediction in the number concentrations of PM 2.5 . The total volume concentrations for PM 2.5 are underpredicted by factors of ∼1.7 by all the parameterizations, largely because the underprediction (by factors of 1.4 to 1.8) in the volume concentrations of accumulation-mode PM overwhelms the overprediction (by factors of 1.2 to 1.6) in the volume concentrations of Aitken-mode PM by all parameterizations except for those of KU08, SI06, NA02, and HK98 (which underpredict the volume concentrations of both Aitken-and accumulation-mode PM by factors of 1.2-1.4 and 1.7-1.8, respectively). The total surface areas are underpredicted by factors of ∼1.9 for KU98, VE02, YU08, ME07, YU06, 1.7 for FI98, and PA94, 1.6 for HK98, NA02, KU08, and SI06, and 1.2 for the simulation with J 2nm , largely due to the underpredictions in the surface areas of both Aitken-and accumulation-mode PM (by factors of 1.4 to 3.2 and 1.5 to 1.9, respectively) by all nucleation parameterizations. Among the 11 parameterizations, the top four parameterizations having the closest agreement to observations are those of SI06, NA02, HK98, and KU08 for the total number concentrations, and SI06, NA02, KU08, and HK98 for the total surface area concentrations. The performance of all parameterizations in terms of the total volume concentrations is very similar. Overall, SI06 gives the best statistical performance among all parameterizations tested.
[17] A more rigorous evaluation is conducted for the predicted 24 h average number, volume, and surface area size distributions with the 11 nucleation parameterizations by integrating their lognormal size distributions for 39 segregated size sections over the diameter range of 0.001 to 2 mm and then comparing against the ARIES measurements in the diameter range of 0.00306 to 2 mm for PM 2 . Tables 2a-2c show the size-resolved statistics for number, volume, and surface area size distributions over the 15 day period. While the simulation with J 2nm overpredicts sizeresolved number concentration by a factor of 12.2, other parameterizations underpredict it by factors of 1.3 to 12.4. The size-resolved volume concentrations are underpredicted by factors of 1.8-2.0. The size-resolved surface areas are underpredicted by factors of 2.1 for ME07, KU98, and VE02, 2.0 for YU08 and YU06, 1.8 for FI98 and PA94, 1.6 for HK98, NA02, and SI06, 1.3 for KU08 and the simulation with J 2nm . Among the 11 parameterizations, the top four parameterizations having the closest agreement to observations are those of NA02, SI06, HK98, and KU08 for the size-resolved number concentrations, SI06, KU08, HK98, and NA02 (note that YU06 and YU08 also rank the 4th) for the size-resolved volume concentrations, and KU08, SI06, NA02, and HK98 for the size-resolved surface area concentrations. Overall, SI06 gives the best performance for all three size-resolved variables evaluated. These results are quite consistent with the statistics obtained with the total number and surface areas shown in Tables 1a and 1c. The evaluation of size-resolved volume concentrations can discern the performance of various parameterizations better than the evaluation of the total volume concentrations which gives nearly identical performance for all parameterizations.
Process and Sensitivity Studies for Controlling Processes

Process Analysis
[18] Process analysis embedded in CMAQ includes two components: the integrated process rate (IPR) and the integrated reaction rate (IRR). The IPR analysis is conducted to quantify the relative contributions of major atmospheric processes to PM mass, number, and surface areas. Tables 3a-3c summarizes the 15 day average hourly changes in PM Kuang et al. [2008] . Initsize, Emisfrac, Emisadj, Lowdepo, and Combined denote sensitivity simulations that use work of SI06 but with changes in either model input or process parameters. NMB, NME, NMBF, and NMEF denote normalized mean bias, normalized mean error, normalized mean bias factor, and normalized mean error factor, respectively. An NMBF value of −5.9 means an underprediction by a factor of −6.9 .
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number, mass, and surface areas concentrations of Aitkenand accumulation-mode PM (referred to as PM-AIT and PM-ACC, respectively) in the planetary boundary layer (PBL) (i.e., model layers 1-14, corresponding to 0 to ∼2.5 km) due to seven major atmospheric processes at JST, Atlanta, Georgia, Los Angeles (LAX), California, and GRSM, Tennessee. The seven major atmospheric processes include horizontal transport, vertical transport, emissions, dry deposition, PM processes, cloud processes, and mass balance adjustment. PM processes represent the net effect of PM thermodynamics, new particle formation due to homogeneous nucleation, gas-to-particle mass transfer, condensation of H 2 SO 4 and organic compounds on preexisting particles, and coagulation in and between Aitken and accumulation modes. Cloud processes represent the net effect of cloud attenuation of photolytic rates, convective and nonconvective mixing and scavenging by clouds, aqueous-phase chemistry, and wet deposition. The mass balance adjustment corrects the species mass inconsistency and imbalance caused by highly parameterized physical and cloud algorithms such as advection scheme.
[19] At JST, the production of PM-AIT number is dominated by PM processes (2.6 × 10 3 cm −3 h −1 or by 97.2%), and its loss is dominated by dry deposition (−1.4 × 10 3 cm
or −51.6%) and cloud process (−1.1 × 10 3 cm −3 h −1 or −39.8%). Although intramode and intermode coagulation plays an important role to its loss, the production of new particles through homogeneous nucleation is greater than this loss, resulting in a net production due to PM processes. The controlling processes for PM-ACC number are quite different, with primary emissions as the only production process (1.0 × 10 2 cm −3 h −1 or 100%) and horizontal transport and cloud processes (−62 cm −3 h −1 or −58.3% and −30 cm −3 h −1 or −28.3%, respectively) dominating its loss. The contributions of PM processes and dry deposition to its loss are relatively small (−6.6% and −3.4%, respectively).
The loss processes such as coagulation within PM-ACC and between PM-AIT and PM-ACC dominate over the gain processes such as the growth of PM-AIT via gas-to-particle conversion and self-coagulation of PM-AIT to form PM-ACC, leading to a small net loss due to PM processes. At LAX, PM processes also dominate the production of PM-AIT number concentrations (8.4 × 10 4 cm −3 h −1 or 99.1%), and dry deposition and horizontal transport dominate its loss (−4.8 × 10 4 cm −3 h −1 or −54.8% and −3.9 × 10 4 cm −3 h −1 or −44.8%, respectively), reflecting the influences of dry weather conditions and sea breezes. For PM-ACC number, emissions, PM processes, and vertical transport contribute to its production at rates of 70, 32, and 14 cm −3 h −1 (or 60.7%, 27.5%, and 11.8%), respectively, and horizontal transport and dry deposition contribute to its loss at rates of −110 (or −91.8%) and 8 cm −3 h −1 (or −6.8%), respectively. The dominant processes are quite different at GRSM, a remote mountain site that is affected by long-range transport of air pollutants from upwind urban locations. The production of PM-AIT number is controlled by vertical transport, horizontal transport, and cloud processes with rates of 6.3 × 10 2 , 3.3 × 10 2 , and 1.3 × 10 2 cm −3 h −1 (or 57.3%, 30.7%, and 11.7%), respectively. Its loss is controlled by PM processes (−1.0 × 10 3 cm −3 h −1 or −91.7%) and dry deposition (−93 cm −3 h −1 or −8.3%). At this site, coagulation (rather than homogeneous nucleation) dominates because of lack of sources of H 2 SO 4 for nucleation, resulting in a net loss due to PM processes. Vertical transport also contributes predominantly (23 cm −3 h −1 or 86.3%) to the production of PM-ACC number. Processes contributing to its loss include cloud processes (−12 cm −3 h −1 or −44.5%), horizontal transport (−7.3 cm −3 h −1 or −26.4%), PM processes (−6.0 cm −3 h −1 or −21.6%), and dry deposition (−2.1 cm
or −7.5%).
[20] While PM processes (e.g., homogeneous nucleation) provide a dominant source for PM-AIT mass concentration at JST (1.0 × 10 −4 mg m −3 h −1 or 98.8%), both PM processes (1.2 × 10 −5 mg m −3 h −1 or 49.4%) and vertical transport (1.1 × 10 −5 mg m −3 h −1 or 44.6%) are important sources of PM-AIT at LAX. While horizontal transport dominates its loss at LAX (−2.4 × 10 −5 mg m −3 h −1 or −94.6%), several processes including horizontal transport, cloud processes, and vertical transport provide important sinks at JST (−4.6 × 10 −5 , −3.9 × 10 −5
, and −1.1 × 10 −5 mg m −3 h −1 or −44%, −36.7%, and −10.9%, respectively). For PM-ACC mass concentration at urban locations, emissions and PM processes dominate their production at rates of 3.5 × 10 −3 and 1.9 × 10 −3 mg m −3 h −1 (or 64.8% and 35.2%) at JST and 2.4 × 10 −3 and 7.9 × 10 −4 mg m −3 h −1 (or 66.1% and 22.1%) at LAX, respectively. Horizontal transport dominates its loss (−4.5 × 10 −3 mg m −3 h −1 or −83.6% at JST and −3.5 × 10 −3 mg m −3 h −1 or −94.6% at LAX). Compared with LAX, particles at JST have a larger production rate for mass concentrations but smaller number production rates of PM-AIT and PM-ACC. This indicates that particles at JST are larger in size than those at LAX, which is caused by the abundance of sulfate at JST that exists mostly in PM-ACC (0.1-2.5 mm) at JST and that of EC and OM that exist mostly in submicron size range (<∼1 mm) at LAX. Dominant processes for PM-AIT and PM-ACC mass concentrations at GRSM are similar to those for PM-AIT at LAX except for a much higher loss rate due to cloud processes (e.g., −6.2 × 10 −5 mg m −3 h −1 or −36.3% at GRSM versus −7.8 × 10 −8 mg m −3 h −1 or −0.3% at LAX for PM-AIT), due to stronger cloud scavenging at GRSM than at LAX. This leads to a lower percentage contribution of horizontal transport to the total loss rate at GRSM (−59.8%) than at LAX (−94.6%) for PM-AIT. The large differences in controlling processes of PM-ACC mass concentrations at urban and rural locations attest a need to develop region-specific (rather than cross-broad) emission control strategies, with a focus on primary PM emissions from local sources in urban areas and those from upwind sources in rural areas. Controlling the emissions of precursors of secondary PM in both rural and urban areas will also be effective. Reduction in primary PM emissions can lead to reduction in secondary PM through reducing the total surface areas available for the heteorogeneous reactions to produce sulfate and nitrate or the secondary organic matter formation through reducing the mass concentrations of absorbing primary organic matter that affects the gas/particle partitioning of semivolatile organic compounds. Such emission control strategies should also account for the transport of the PM emissions away from the urban regions under prevailing weather conditions.
[21] Dominant processes for the surface area concentration of PM-AIT and PM-ACC are generally similar to those for their number concentrations at JST and LAX. At GRSM, dominant processes for the surface area concentration of PM-AIT are different from those for its number and mass concentrations and those for PM-ACC are different from the dominant processes for its number concentration but similar to those for its mass concentrations. At GRSM, vertical and horizontal transport dominate the production of PM-AIT surface area concentration (2.9 × 10 −1 mm 2 cm −3 h −1 or 68.7% and 7.0 × 10 −2 mm 2 cm −3 h −1 or 16.5%, respectively), and cloud processes and dry deposition dominate their loss with rates of −3.6 × 10 −1 and −7.8 × 10 −2 mm 2 cm −3 h −1 (or −82.3% and −17.7%), respectively. Vertical transport and PM processes dominate the production of PM-ACC surface area at rates of 1.2 and 0.39 mm 2 cm −3 h −1 (or 66.3% and 22%), respectively, and horizontal transport and cloud processes dominate its loss at rates of −1.0 and −0.7 mm 2 cm −3 h −1
(or −57.1% and −38.8%), respectively, which are similar to the dominant processes for PM-ACC mass concentrations.
[22] Figure 7 shows the 15 day average percentage contributions of each process to number, mass, and surface area of PM 2.5 (i.e., the sum of PM-AIT and PM-ACC) in the PBL at two urban (JST and LAX), Figure 8 two rural (Yorkville (YRK), Georgia, and Penn State (PSU), Pennsylvania), and two remote locations (GRSM and Olympic National Park (OLY)). At all sites, controlling processes for PM 2.5 number concentrations are similar to those for PM-AIT, and those for PM 2.5 mass concentrations are similar to those for PM-ACC (figures not shown), reflecting the dominance of PM 2.5 number in PM-AIT and PM 2.5 mass in PM-ACC. Controlling processes for PM 2.5 surface areas are dominated by those for PM-ACC at JST and LAX because of its dominance in total PM 2.5 surface areas and by those for both PM-AIT and PM-ACC at GRSM because of their comparable contributions to total PM 2.5 surface areas. For the production of PM 2.5 number concentrations, PM processes is the top contributor due to the dominance of homogeneous nucleation over other PM processes (except at GRSM where vertical transport dominates and PM processes play an opposite role (i.e., lead to a net loss); and horizontal transport may be the second most important process at some rural or remote sites (e.g., OLY and GRSM). For the loss of PM 2.5 number concentrations, dry deposition is the top contributor at all sites except for GRSM where PM processes dominate, and other processes can sometime be the second largest contributors (e.g., cloud processes at JST and YRK). For production of the PM 2.5 mass concentrations, emissions are the top contributor at urban sites whereas PM processes are the top contributor at rural sites. Other processes such as vertical and horizontal transport may also be important or even dominate at some sites (e.g., at GRSM and OLY). The important processes to the loss of PM 2.5 mass concentrations include horizontal transport at urban and some rural sites (e.g., at JST, LAX, YRK, and GRSM), and vertical transport at some rural sites (e.g., PSU and OLY). For PM 2.5 surface area concentrations, important processes include emissions or PM processes for its production at all sites except at GRSM where vertical transport dominates and at OLY where both PM processes and horizontal transport are equally important. Horizontal transport dominates their loss at urban sites and some rural sites (e.g., at JST, LAX, YRK, and GRSM) and vertical transport dominates their loss at some sites (e.g., OLY), and cloud processes are important loss processes at some sites (e.g., GRSM, YRK, and PSU). Compared with urban and upwind locations, processes contributing to PM 2.5 number, mass, and surface areas are relatively more complicated at rural/remote and/or downwind locations (e.g., GRSM and OLY).
Sensitivity Simulations
[23] Given current model deficiency in reproducing PM number concentrations and size distributions, the sensitivity study here is focused on several major factors that likely affect PM number concentrations and size distributions. In addition to homogeneous nucleation, several atmospheric processes such as emission and dry deposition may be important to the predicted PM number concentrations and size distributions, as shown in the above process analysis. Several parameters that may affect PM number emission rates include the assumed initial size distributions for PM emitted, the assumed emission fractions of PM-AIT and PM-ACC in total PM 2.5 emissions, and the direct emission rates of PM mass. In CMAQ, a constant PM size distribution with d v of 0.03 mm and s g of 1.7 for PM-AIT and d v of 0.3 mm and s g of 2.0 for PM-ACC is assumed based on Whitby [1978] to calculate the emission rates for PM number and second moment (i.e., surface area), E number and E surface [Binkowski and Roselle, 2003] . The values of d v and 6778 for accumulation-mode PM are used in the first sensitivity simulation (referred to as the simulation "Initsize"). Similar sensitivity studies by adjusting the emission size distributions used in CMAQ were conducted by Park et al. [2006] and Elleman and Covert [2010] . For emission fractions, CMAQ assumes that 99.9% of PM 2.5 emissions are in PM-ACC for organic and elemental carbon (0.1% in PM-AIT). For other species such as sulfate and other inorganic aerosols, it assumes 100% in PM-ACC [Binkowski and Roselle, 2003]. This assumption is based on a field study of on-road emissions of diesel soot conducted by the U.S. EPA (F. S. Binkowski, University of North Carolina at Chapel Hill, personal communication, 2005) and may not be applicable for emissions of all other PM 2.5 compositions. A sensitivity simulation (referred to as the simulation "Emisfrac") is conducted to investigate this uncertainty. The observed volume concentrations of PM-AIT during ARIES account for 0.5-14.2% of observed total volume concentrations of PM 2 . The emission fractions of Aitken-and accumulationmode PM are therefore assumed to be 10% and 90%, respectively, in this sensitivity simulation. evaluated the model performance of CMAQ using observed PM 2.5 concentrations for the same episode and found that PM 2.5 concentrations were underpredicted by 10.2-39.0% at various network sites. The concentrations of NO 3 − , BC, and OC were underpredicted by 22.2-77.8%, 34.4-54.9%, and 24.9-58.6%, respectively, and those of SO 4 2− were overpredicted by 17.8-20.1%, those of and NH 4 + were overpredicted by 8.1-24.2% at rural and remote sites but underpredicted by 20.6% at urban and suburban sites over the southeastern United States. By comparing with a more advanced NH 3 inventory, P. reported that the NH 3 emissions based on the NEI v3 used in this study were lower by 25.5% on average domain-wide and an emission adjustment factor of 1.2551 was therefore applied to total NH 3 emission in their sensitivity simulations. Uncertainties also exist in the emissions of primary PM species such as BC and OM [Zhang et al., 2006] , which may have contributed to the discrepancies between observed and simulated PM species for this episode. In the 3rd sensitivity simulation, the emissions of primary PM species are therefore adjusted (i.e., increase by 50% for BC and by 40% for OC and NO 3 − , and decrease by −20% for SO 4 2− ) and the emissions of NH 3 are also increased by 25.51% (referred to as simulation "Emisadj"). In the 4th sensitivity simulation, dry deposition velocities for PM 2.5 number and surface area are reduced by 20% (referred to as simulation "Lowdepo").
The selection of such a perturbation is based on several considerations. First, no direct measurements of dry deposition velocities for PM 2.5 number and surface area are available and one must make some assumptions in selecting the value and direction of the perturbation. Second, the dry deposition fluxes of PM number and surface area concentrations are assumed to be controlled by the same processes as PM mass concentrations and the same set of equations is used to calculate dry deposition fluxes of PM mass, number, and surface area concentrations in CMAQ. It is therefore reasonable to assume that the uncertainties in dry depositions of PM number and surface area are the same as or similar to those of PM mass concentrations. Third, X.-H. Liu et al. [2010b] and K. Olsen et al. (Fine scale modeling of agricultural air quality over the southeastern united states, Part I. Application and evaluation of two air quality models, manuscript in preparation, 2010) evaluated simulated dry deposition fluxes of several PM species against the calculated values from CASTNET that are based on meteorological measurements and the predictions of the Multilayer Model for a summer episode in the southeastern United States and found that CMAQ underpredicted the dry deposition fluxes of PM species by 80-98%. Fourth, P. conducted sensitivity simulations by changing dry deposition velocity of sulfate by 20% and those of several PM precursors such as SO 2 , HNO 3 , and NH 3 by 20-50% for the same 12-28 June 1999 SOS episode and found that a perturbation of 20% or larger is needed to predict a sizable change (i.e., > 1-3%) in the simulated PM mass concentrations. Finally, simulated PM number and surface areas from the baseline simulation in this study are underpredicted and using reduced dry deposition velocities may help improve the model predictions. In the 5th sensitivity simulation, all aforementioned changes are combined to estimate the net effects of above changes (referred to as simulation "Combined"). In all five sensitivity simulations, the power law nucleation parameterization of Sihto et al. [2006] is used, and the results from those sensitivity simulations are compared with the baseline simulation with the Sihto et al. [2006] parameterization (i.e., SI06).
[24] Figures 9, and 10 show the times series plots of the predicted PM number, volume, and surface areas, respectively, for Aitken mode and accumulation mode from the baseline simulation (i.e., SI06) and the five sensitivity simulations. The observations for both modes are also plotted for comparison. Compared with baseline results, adjusting initial size distribution used in calculating PM number and surface area emission rates gives higher number and surface area but lower volume predictions for PM-AIT (the changes are 34.4%, −2.5%, and 5.4%, respectively, on average over hourly predictions on 14-28 June) and slightly higher volume predictions for PM-ACC (by 0.1% on average over hourly predictions on 14-28 June) but lower number and surface area predictions for PM-ACC (by −65.6% and −20.0%, respectively, on average over hourly predictions on 14-28 June). Increasing the emission fraction for PM-AIT from 0.1% to 10% further increases the predicted number, volume, and surface area significantly (by factors of 3.2, 9.9, and 7.9, respectively, on average over hourly predictions on 14-28 June) but has little effect on those for PM-ACC (−2.2%, −1.1%, and −1.1% for predicted number, volume, and surface area, respectively). This indicates that the PM-AIT predictions are sensitive to the changes in both the emission fractions and the initial size distribution used in this study, whereas the PM-ACC number and surface area predictions are more sensitive to the changes in the initial size distribution than those in the emission fractions used, and the PM-ACC volume predictions are relatively insensitive to changes in both parameters. The simulated impact of adjusting initial size distribution of emissions on simulated PM number concentrations is fairly consistent with that reported by Park et al. [2006] and Elleman and Covert [2010] . Adjusting the emissions of NH 3 , BC, and primary OM species decreases PM-AIT number concentrations by −2.7% but increases its volume and surface area concentrations by 4.7% and 3.3%, respectively. It increases PM-ACC number, volume, and surface area concentrations by 8.8%, 8.5%, and 7.9%, respectively. The relatively small net increase in volume concentrations in responses to a moderate-to-large increase in the emissions of NH 3 , BC, and primary OM indicates that the PM mass concentrations at JST may be dominated by other primary PM such as other unknown inorganic aerosols and other secondary PM such as secondary organic aerosols and/or uncertainties in meteorological factors (e.g., mixing height and temperature) may be a dominant factor for PM concentrations. Reducing dry deposition velocity by 20% for PM number and surface areas for both modes slightly increases PM-AIT and PM-ACC number concentration (by 1.2% and 0.9%, respectively), PM-ACC volume concentration (0.005%, respectively), and PM-AIT and PM-ACC PM surface area concentration (by 0.5% and 0.6%, respectively), but it slightly decreases the PM-AIT volume concentration (by −0.5%). The simulation that combines all above changes increases the number, volume, and surface area concentrations of PM-AIT by 56.7%, 67.6%, and 88.3%, respectively. It also increases the surface area of PM-ACC by 6.9% but decreases its number and volume concentrations by −63.9% and −15.0%, respectively. Among the five sensitivity simulations, the simulations Initsize and Figure 9 . The predicted hourly PM volume concentrations for (a) Aitken mode and (b) accumulation mode from the baseline simulation (i.e., SI06) and the five sensitivity simulations (i.e., Initisize, Emisfrac, Emisadj, Lowdepo, and Combined).
Combined give the closer agreement to the observed temporal variations for number, volume, and surface area predictions for PM-AIT but they both underpredict number and volume concentrations of PM-ACC.
[25] Tables 1a-1c show the statistical measures for predicted total number, volume, and surface area from the five sensitivity simulations. The predicted total PM 2.5 number concentration changes from ∼30000 cm −3 for the baseline simulation to ∼38000, ∼52000, ∼29000, ∼30000, and ∼44000 cm −3 , respectively, for simulations Inisize, Emisfrac, Emisadj, Lowdry, and Combined. The increases in Initsize and Emisfrac are compensated by decreases in Emisadj in the simulation Combined, resulting in the closest agreement to the observed number concentration of 43275 cm −3 (changing the NMB from −31.7% to 1.6%). Reducing dry deposition velocity by 20% has little effect on Figure 10 . The predicted hourly PM surface concentrations for (a) Aitken mode and (b) accumulation mode from the baseline simulation (i.e., SI06) and the five sensitivity simulations (i.e., Initisize, Emisfrac, Emisadj, Lowdepo, and Combined). the total PM number predictions. While the changes in the simulations Initsize, Emisfrac, and Lowdepo have little impact on volume concentrations, adjusting emissions in Emisadj and Combined slightly improves them, changing the NMB value from −40% to −35%. The changes in initial size distributions in Initsize and Combined decrease total surface areas (changing NMBs from −36.6% to −48.4% and −39.2%, respectively), and the changes in the simulations Emisfrac and Emisadj increase them (change NMBs from −36.6% to −28.9% and −31.5%, respectively). Tables 2a-2c show statistical measures for size-resolved number predictions from the five sensitivity simulations. Both simulations Initsize and Combined improve the size-resolved number predictions over segregated size sections, changing NMBs from −25.3% to − 7.3% and 11.5%, respectively. The simulation Emisfrac increases the NMB from −25.3% to 34%. The changes in simulations Lowdepo and Emisadj have little effects on the size-resolved number predictions.
Conclusions
[26] A total of 11 nucleation parameterizations are evaluated in 3-D CMAQ using available measurements from ARIES to assess their appropriateness in reproducing number concentrations and size distributions of PM 2.5 and the associated uncertainties. Among all parameterizations tested, Napari et al. [2002] give the highest number concentrations (by up to the order of 10 6 cm −3 ), [2006, 2008] , Kulmala et al. [1998] , and Vehkamäki et al. [2002] predict the lowest number concentrations (by up to the order of 10 3 cm −3 ). The predicted number concentrations for Aitken-mode PM at JST, Atlanta can vary by up to 3 orders of magnitude, and those for accumulation-mode PM can vary by up to a factor of 3.2. Such a large variation is caused by differences in their theoretical bases, mathematical formulations, different dependence of T, RH, and the ambient levels of H 2 SO 4 and NH 3 , as well as other processes considered. Compared with the observed values, the total PM number concentrations are significantly underpredicted by all parameterizations, with the best predictions by Sihto et al. [2006] (NMB of −31.7%) and the worst predictions by Merikanto et al. [2007] (NMB of −93.1%). SI06 also gives the closest agreement to the observed hourly PM number, volume, surface area, and their size distributions at JST among all parameterizations tested, although all the parameterizations fail to reproduce the observed temporal variations of PM number, volume, surface area at JST, Atlanta, Georgia. NA02 gives a good agreement with observed number concentrations but such a good agreement is questionable and warrants further investigations. KU08 and HK98 give better performance than the rest of parameterizations. These results obtained under an urban polluted condition are fairly consistent with the evaluation results under conditions from very clean to highly polluted environments from Zhang et al. [2010b] . The simulations with different nucleation parameterizations show large uncertainties in the predicted PM number concentrations and size distributions that will affect model predictions of visibility, aerosol optical properties such as aerosol optical depth (AOD), CCN, and CNDC, demonstrating a need to improve the model's capability in reproducing the PM concentrations and size distributions. Although the current version of CMAQ does not simulate AOD, CCN, and CNDC online, a version of it that is being coupled with the Weather Research and Forecasting model as an online modeling system , however, will simulate those parameters that are very important to the accurate predictions of aerosol direct and indirect effects on climate change through modifying atmospheric radiation budgets.
[27] Process analysis shows that controlling processes are different for Aitken mode versus accumulation mode, number versus mass (or volume) versus surface areas, and urban/upwind locations versus rural/remote/downwind locations. At all sites, controlling processes for PM 2.5 number concentrations are similar to those for Aitken-mode PM, and those for PM 2.5 mass concentrations are similar to those for accumulation-mode PM. At urban/upwind locations, the production of Aitken-mode number is dominated by PM processes (e.g., homogeneous nucleation) and vertical transport, and its loss is dominated by dry deposition. Horizontal transport and/or cloud processes may play an important role, depending on the meteorological characteristics of the sites. Emission dominates the production of accumulation-mode PM number and the major loss processes may include horizontal transport and cloud processes. Emission dominates the production of accumulation-mode mass concentrations; horizontal transport dominates their losses. Dominant processes for surface areas are generally similar to those for PM 2.5 number concentrations. At rural/ remote and/or downwind locations, vertical and horizontal transport are major production processes for Aitken-mode PM number; and its loss is controlled primarily by PM processes such as coagulation. For accumulation-mode PM number, major production processes may include vertical transport and major loss processes may include cloud processes, horizontal transport, and PM processes. For Aitken-and accumulation-mode mass concentrations, vertical transport and PM processes dominate their production and horizontal transport and cloud processes may dominate their loss. For PM surface areas, vertical and horizontal transport dominate production of Aitken-mode surface areas, and cloud processes and dry deposition may dominate their loss. Vertical transport and PM processes dominate the production of accumulation-mode surface areas and horizontal transport and cloud processes dominate their loss.
[28] Sensitivity simulations provide the relative importance of the assumed initial PM size distribution and several atmospheric processes such as emissions and dry deposition in simulating PM number concentrations and size distributions, in addition to that of the homogeneous nucleation parameterization. Among these processes and parameters, the PM number and size distribution predictions are most sensitive to prescribed emission fractions of Aitken and accumulation-mode PM and the assumed initial PM size distribution, and relatively insensitive to dry deposition and adjustments in emissions of NH 3 and PM species in this study. A simulation that combines all changes increases the predicted total PM 2.5 number concentration from ∼30000 cm −3 for the baseline simulation to ∼44000 cm −3 , changing the NMB value from −31.7% to 1.6%.
[29] Accurately simulating PM number concentrations and size distributions remain a major challenge because of inaccuracies in primary PM emissions and the relative emission fractions of Aitken-and accumulation-mode PM, large uncertainties in the parameterizations of homogeneous nucleation used in 3-D air quality model and the numerical algorithms of other important processes in determining PM number and mass concentrations such as coagulation and other gas-to-particle conversion processes (e.g., diffusion, condensation, heterogeneous reactions), uncertainties associated with important model parameters such as initial PM size distribution, uncertainties in the model treatment of nanoparticle growth to the CCN size, as well as lack of measurements (e.g., the size resolved number, mass, and surface area concentrations of PM and the corresponding concentrations of gas precursors of secondary PM such as SO 2 , NO x , NH 3 , H 2 SO 4 , HNO 3 , and VOCs) at sites representative of various ambient atmospheric meteorological and chemical conditions for model/parameterization validation. Extra cautions are advised in selecting a homogeneous nucleation parameterization since most parameterizations have not been rigorously tested for all ranges of ambient conditions and the appropriateness of one parameterization cannot be determined solely based on whether it gives a good agreement with observations. The model evaluation conducted here is based on a horizontal grid resolution of 32 km and uses observational data at only one urban location. Given large differences in the controlling processes for PM number, volume, and surface area predictions between urban/upwind locations and nonurban/downwind locations, the performance of various nucleation parameterizations against observations may vary, depending on characteristics of emissions, meteorology, topography of those locations, as well as the grid resolution used for model simulations. The evaluation results from the calculations of Zhang et al. [2010b] and the 3-D model simulations in this paper are fairly consistent. They indicate that among the current parameterizations that are based on binary, ternary, kinetic, and cluster-activated nucleation theories, those of Sihto et al. [2006] , Kuang et al. [2008] , and Harrington and Kreidenweis [1998] perform better in the polluted boundary layer than most other parameterizations. Although Napari et al. [2002] also give a good agreement with observations under a sulfate-rich urban environment, their parameterization should not be continuously used because of several fundamental problems associated with it. As discussed previously, CMAQ does not simulate the growth of nanoparticle to the Aitken mode, which will introduce a large uncertainty. It is therefore important to develop such a growth module and couple it with a nucleation parameterization to reduce the uncertainty and improve the model's capability in simulating PM number concentrations and size distributions.
